Sexual dimorphism in intelligence suggests that this phenotype is a sexually selected trait. This view is supported by an overrepresentation (compared to the autosomal genome) of genes affecting cognition on the X chromosome. The aim of this study is to test the hypothesis that sexual selection can explain sex and country-level differences in performance on tests of fluid intelligence.
INTRODUCTION
Sexual selection is responsible for sexual dimorphism among a variety of traits and for a broad swath of the animal kingdom 1 . However, sexual selection raises the average phenotypic trait value not only in the selected sex, but to a lesser extent also in the opposite sex, via the mechanism of genetic correlation between homologous characters of the sexes (that is, the correlation between the additive effects of genes as expressed in males and females) 1 . Thus, sexual dimorphism can indicate the strength of sexual selection on a given phenotype.
If intelligence is a sexually selected trait in human populations, there should be sexual dimorphism on intellectual capacity or g (general intelligence) There is evidence that males have higher g than females, after the end of puberty [2] [3] [4] [5] [6] . Intelligence is best conceptualized as the ability to solve complex problems and fluid g underlies the ability to solve novel problems 7 . As life in the environment of evolutionary adaptedness (EEA) 8 posed survival challenges that required strategic planning such as storing food, hunting and making war or forging alliances, and the burden of these activities traditionally fell on males 9, 10 , it is possible that males who displayed these characteristics were preferred by females as mates. The study of modern hunter-gatherer populations supports this contention as the best hunters have been found to enjoy greater reproductive success 9, 10 . There is genomic evidence that lends support to the idea that intelligence is a sexually selected trait. Fisher (1931) 11 proposed that genes having differential fitness effects on males and females should be found on the sex chromosomes. Hurst (2001) 12 proposed that, relative to autosomal loci, an X-linked locus is much more likely to be responsible for sexual development, especially if that locus is advantageous to males. If a locus is maleadvantageous, its expression will be enhanced in males but suppressed in females (if it is disadvantageous to them). It could be reasonably expected that genes advantageous to males are on the Y-chromosomes, as this would guarantee that they are expressed only in males. However, many genes involved in spermatogenesis in mice are X-linked and expressed (exclusively) in males 13 and in humans, the X chromosome is enriched for male-specific but not female-specific genes 14 . Indeed, the X chromosome was found to host a substantial portion (one-third) of genetic variation for sexually selected traits in a meta-analysis of reciprocal crosses from a variety of mammals and insects 15 , and it has probably been engaged in the development of sexually selected characteristics for at least 300-million years (Zechner et al., 2001 ). In particular, the X chromosome seems to be disproportionately involved in cases of Mendelian inheritance of mental retardation 16 and there seems to be a concentration of intellectual disability genes on this chromosome that is not due to ascertainment bias [17] [18] [19] . Crespi et al. (2010) 20 found that 69.7% of X-linked intellectual disability genes show primary central nervous system function, compared to 49.2% of autosomal ones.
For this reason, human males are "more likely than females to be influenced by haplotypes that are associated with exceptionally high abilities (…), they are also more likely to show deficits in mental abilities than females because of the impact of deleterious mutations carried in haploid state" 16 . Dosage differences in the expression of X-linked genes and X inactivation are possible mechanisms that account for male-female neural differentiation 16 . A prediction stemming from the hypothesis that intelligence genes are sex-linked (thus potentially the target of sexual selection) is that male standard deviation (SD) is higher than female SD.
Thus, sexual selection could operate on males via intersexual (female choice or preference for smarter men) or intrasexual selection (competition between males for access to females), either directly thanks to female preference or indirectly, through the benefits accrued by higher social status or wealth acquired by more intelligent men. Moreover, men in antiquity and prehistory performed endeavours such as hunting and making war against other tribes or nations, actions which require greater fluid intelligence and strategic planning, and the best warriors and hunters have traditionally enjoyed a dramatic boost in status, which would have translated in better reproductive success 9, 10 . Since sexual dimorphism is an indicator of sexual selection, the degree of sexual dimorphism indicates the strength of selection. A prediction of the hypothesis that intelligence is a sexually selected trait is that the average intelligence of populations is positively correlated to sexual dimorphism.The extent of sexual dimorphism is assumed to indicate the strength of selection for intelligence, because the correlation between the homologous characters of the sexes increases the average phenotype of both males and females to different extents 1 . Indeed, "when the sexes vary equally and are under equally strong natural selection towards different optima, and constant intensities of sexual selection, the average phenotype of the two sexes together evolves on a fast time scale, while the sexual dimorphism (the difference in the mean phenotypes of the two sexes) evolves on a slow time scale" 1 . This is because the amount of genetic variation whose phenotypic expression is sex-limited is usually much smaller than the autosomal genetic variation 1 . Accordingly, Fitzpatrick (2004) 21 found that the majority of putatively sexually selected genes are pleiotropic and not preferentially sex-linked.
"Empirical support is that artificial selection for larger size in one sex makes the other sex larger as well in, for example, Dro-www.ibc7.org 3 . Another effect of sexual selection is a reduction in genetic variation for the trait in the sex on which sexual selection acts 23, 24 , due to favoured alleles becoming rapidly fixed. A reduction in variation should be seen also in the opposite sex assuming that most of the selected genes have the same effect, although to a lesser degree. Thus, the phenotypic variance should be lower in populations with stronger sexual selection, predicting an inverse correlation between sex difference in g and standard deviation in g across populations. Moreover, since sexual selection operates more strongly on males, a greater reduction in variance should be observed in males than in females. This corresponds to a prediction that sex dimorphism in intelligence is negatively related to the SD difference between males and females (Male SD-Female SD).
Finally, although even natural selection results in lower phenotypic variance for the trait under selection, it does not necessarily predict sexual dimorphism for that trait, which instead fits better with a model that includes sexual selection.
Piffer (2014) 25 found evidence for an inverse correlation between frequencies of height and IQ-increasing alleles between populations, suggesting opposite selective pressure on these two phenotypes. A possible mechanism to account for this finding is sexual selection, if a trade-off exists between physical and intellectual competition, implying that intelligence and physical strength are opposite or conflicting strategies employed by males for attracting or controlling females. To test this "brawn-versus-brain" evolutionary model, data on average height were employed. A prediction of this evolutionary model is that populations with higher average intelligence and sexual dimorphism in intelligence will have lower average height (and lower sexual dimorphism in height).
RESULTS
The average country PISA score was positively correlated with absolute sex difference (r = 0.225) albeit not significantly (P = 0.142; N = 44).
However, the partial correlation between absolute sex difference and average country score (controlling for GDP) was significant (r = 0.344; P = 0.024; N = 44).
GDP was negatively correlated with sex difference in g (r = -0.169) albeit not significantly (P = 0.273; N = 44) and it was positively correlated to g (r = 0.454; P = 0.02; N = 44). Another analysis was ran with relative instead of absolute sex difference, expressed as the ratio between male and female score. CPS score was positively (but not significantly) correlated to relative sex difference (r = 0.144; N = 44; P = 0.349). This correlation became stronger after partialling out GDP (r = 0.269; N = 44; P = 0.081).
Gender Inequality was positively correlated with absolute sex difference in g (r = 0.335; P = 0.026; N = 44) and it was negatively correlated to g (r = -0.543; P = 0.000; N = 44). The correlation between CPS and absolute sex differences became stronger after partialling out Gender Inequality (r = 0.515; P = 0.000; N = 44).
Both absolute and relative sex difference in CPS score were negatively correlated with the SD (respectively, (r = -0.465; P = 0.01; N = 44) and (r = -0.448; P = 0.001; N = 44)). After removing the effect of GDP, this correlation was slightly stronger (respectively, r = -0.484; P = 0.01; N = 44 and r = -0.471;N = 44; P = 0.01). Partially out Gender Inequality did not alter this correlation (r = -0.438; P = 0.03; N = 44).
A negative correlation was found between relative male-female difference in SD (Male SD:Female SD) and relative sex dimorphism in CPS score (r = -0.374; N = 44; P = 0.012). The former was also (non-significantly) negatively correlated to CPS score (r = -0.165; N = 44; P = 0.285).
A t-test was carried out to determine whether males had a higher SD than females in PISA. The means of the standard deviations were significantly different (t = 4.669; P = 0.000). Means and SD are reported in Table 1 .
Regression analysis
A multiple linear regression was ran with PISA CPS score as dependent variable, and sex difference, GDP, Gender Inequality as independent variables. Using the enter method, a significant model emerged (F3,40 = 17.40). r = 0.752; r² = 0.566; Adjusted r² = 0.534.
Brawn versus Brain
Confirming expectations, average male height was found to be (non significantly) negatively related to PISA CPS score (r = -0.136; P = 0.422; N = 37), and (significantly) both to absolute and relative sexual dimorphism in intelligence (r = -0.426; P = 0.008; N = 37 and, r = -0.395; P = 0.016; N = 37) ( Table 2) .
DISCUSSION
The predictions generated by the hypothesis that intelligence has undergone sexual selection in males are supported by the results. The average intelligence of populations was found to be positively correlated to sexual dimorphism in intelligence scores, matching the prediction that sexual selection has the double effect of increasing average phenotypic level and creating sex differences in the selected trait. The correlation reached significance after removing the effect of gender inequality and GDP, suggesting that social and economic development mask the relationship between sex dimorphism in CPS and country CPS scores, through a reduction of the male advantage associated with poor economic and social conditions. However, the correlations were weaker when a relative measure of sexual dimorphism was used. Relative sexual dimorphism is probably too conservative as even the absolute difference between the sexes might have evolutionary significance. When entered in a linear regression model with PISA CPS as dependent variable,and gender inequality, GDP, relative sexual dimorphism as predictors, the latter had a powerful independent effect, with an SD increase in sex differences corresponding to an increase of almost half a SD (0.453) in PISA CPS (Table 3) .
Another effect of sexual selection is: a) to reduce the amount of genetic variation in sexually selected traits; b) this effect is more pronounced in the selected sex. Matching these predictions, I found that: a) populations with higher sexual dimorphism in intelligence also had lower variance in intelligence scores; b) a greater male SD relative to female SD, was negatively associated with sexual dimorphism in CPS score.
A note of caution regarding this finding is necessary, as phenotypic variation is correlated to genetic variation but environmental noise due to population stratification (SES, ethnicity, etc.) can easily attenuate the genetic signal. In line with the prediction of the X chromosome hypothesis, males were found to have a much higher SD than females.
It may seem paradoxical that sexual selection has two seemingly opposite effects on phenotypic variance, increasing male variance via the accumulation of mutations affecting intelligence on the X chromosome whilst decreasing it by driving to fixation the intelligence increasing mutations. However these two processes are not necessarily incompatible (mutually exclusive) if we hypothesize that they happen over different time scales, with mutations on the X chromosome being driven from zero to intermediate (50%) frequency levels by sexual selection, and at a later stage these are driven to fixation only in the presence of strong sexual selection. In other words, moderate levels of sexual selection will increase male relative to female variance, whereas strong sexual selection will push male variance back to lower levels through the process of fixation of favourable alleles and extinction of deleterious ones.
Supporting the brawn vs brain evolutionary scenario, male height was found to be negatively related to sex differences in intelligence, which seems to be a proxy for sexual selection strength. This suggests that there is a trade-off in sexual selection between physical power or attractiveness and intellectual abilities. This provides a possible explanation for the finding by Piffer (2014) 25 that population frequencies of alleles known to increase height had a strong inverse correlation between populations to frequencies of alleles that increase IQ.
The results of this study have multiple implications. First, the evolution of intelligence has been probably affected by evolutionary forces that acted differently on males and females. Although with the present data it is impossible to determine the precise mechanism (i.e. whether it is was due to female choice or higher reproductive success of high gf males via higher wealth and social status) this study provides encouraging results for future investigations into the role played by sexual selection on intelligence during prehistoric and historic times. Another implication of this study is that intelligence has continued to evolve after different human populations migrated out of Africa and possibly up to the 19th century, as suggested by the substantial variability in sex differences even between neighbouring countries. Finally, the failure of GWAS to find genes accounting for a significant variation in intelligence could be due to their exclusive focus on the autosomal genome and the findings presented in this paper could provide a rationale for an extension of genomic studies of cognition to the sex chromosomes.
This study has some limitations: a) A direct test of the hypothesis that sexual selection explains the observed results could not be provided, because it requires access to measures of mating success that are unavailable for the PISA sample; b) Other mechanisms, such as cultural or social factors could explain (in currently unpredictable ways) the pattern of results, but these were not considered in the present study because they are difficult to express with precise quantitative variables and the focus of this paper is on testing the predictions generated by evolutionary theory; c) As this paper tests novel predictions (to the best of my knowledge, most of the results and statistical analyses reported here have never been published before), the results are tentative and require replication with another representative sample (possibly PISA CPS 2015). The goal of this paper is not to present definitive results, it is rather to provide a model that fits with a broad array of empirical data on sex and country differences in absolute scores and variance on intelligence tests. This model generates predictions that have not been tested here, for example a comparison of race differences within countries controlling for SES could be carried out, to ascertain whether the country-level results are validated at the racial level.
Whilst the CPS results corroborate previous findings on sex differences in g or reasoning 3, 6 , there is still considerable debate on the magnitude of these differences 6 . So far a tacit assumption in these studies was that sex differences in g do not vary across races or nationality, thus samples from different countries were used to estimate an "absolute" sex difference in g, without taking into account cross-population or racial variation. However, in light of the results presented here it is recommended that future studies take these factors into account before meta-analyzing nationally or racially heterogenous samples.
MATERIALS AND METHODS
Scores on a test of fluid intelligence (PISA Creative Problem Solving) were used as measures of country-level intelligence 26 . The OECD (2014) 26 has recently published data for the 2012 results of the performance of 15-year students in the PISA Creative Problem Solving (CPS), a measure of students' ability to solve problems in "non-routine situations" defined as "situations that require at least 30 minutes to find a good solution" (p.26). The solution of these problems requires the ability "to think flexibly and creatively about how to overcome the barriers that stand in the way of a solution" (p.26). A "ready-made strategy" or a mastery of facts and procedures is not sufficient for the solution of these problems. The creative problem solving assessment evaluates "students' general reasoning skills, their ability to regulate problem-solving processes, and their willingness to do so, by confronting students with problems that do not require expert knowledge to solve". The test measures the ability to solve problems in "situations that students may encounter outside of school as part of their everyday experience" (e.g. technology devices, unfamiliar spaces, food or drink) (p. 31) and "an individual's capacity to engage in cognitive processing to understand and resolve problem situations where a method of solution is not immediately obvious" (p.32) involving "scenarios related to real life problems" in four areas of technology, non-technology, personal and social. In terms of Cattell's (1971) 27 concepts of fluid and crystallized intelligence, the Creative Problem Solving test is a measure of fluid intelligence (gf) defined as the ability to think logically and solve problems in novel situations, independent of acquired knowledge. Throughout the paper, the terms g, gf and CPS score will be used interchangeably.
Average scores along with standard deviation for the total sample and separately for males and females are reported in Table 4 .
Sex differences were expressed both in absolute (male-female score) and in relative terms (male/female ratio). Andersson (1994) 22 argues that relative dimorphism "seems more relevant in comparative analyses of selection and other factors behind the evolution of sex dimorphism" 22 and criticizes the conclusion of Leutenegger & Cheverud (1982) 28 that body size explains most of the variation in sexual size dimorphism because they used absolute size differences between males and females.
Since there is no absolute certainty over which of the two measures of sexual dimorphism is better in all cases, for the purposes of the present study it seems reasonable to use both measures. Mean population height was retrieved from Wikipedia (Human Height). All of the chosen studies provided measured height, were published after 2000, and were performed on young subjects (17-39 years). Only male height was used because female height was not available for many countries.
Gross Domestic Product 29 at purchasing power per capita (GDP [PPP]) was used as an independent variable due to its potential relationship with g and sex differences in country scores. That is, GDP is known to be positively related to country IQ [30] [31] [32] [33] and could predict sex difference in g, possibly with more economically developed countries showing lower sex difference (lower male advantage) due to females enjoying more enriched environments, since rich countries probably undertake
